Increasing evidence that several drug compounds exert their effects through interactions with multiple targets is boosting the development of research fields that challenge the data reductionism approach. In this article, we review and discuss the concepts of drug repurposing, polypharmacology, chemogenomics, phenotypic screening and high-throughput in vivo testing of mixture-based libraries in an integrated manner. These research fields offer alternatives to the current paradigm of drug discovery, from a one target-one drug model to a multiple-target approach. Furthermore, the goals of lead identification are being expanded accordingly to identify not only 'key' compounds that fit with a single-target 'lock', but also 'master key' compounds that favorably interact with multiple targets (i.e. operate a set of desired locks to gain access to the expected clinical effects).
Increasing evidence that several drug compounds exert their effects through interactions with multiple targets is boosting the development of research fields that challenge the data reductionism approach. In this article, we review and discuss the concepts of drug repurposing, polypharmacology, chemogenomics, phenotypic screening and high-throughput in vivo testing of mixture-based libraries in an integrated manner. These research fields offer alternatives to the current paradigm of drug discovery, from a one target-one drug model to a multiple-target approach. Furthermore, the goals of lead identification are being expanded accordingly to identify not only 'key' compounds that fit with a single-target 'lock', but also 'master key' compounds that favorably interact with multiple targets (i.e. operate a set of desired locks to gain access to the expected clinical effects).
Drug discovery has undergone transformations over the years, moving from in vivo models to a single target-selective drug for a single mechanism. Following the lock and key model proposed by Erlich more than a century ago [1] , over the previous decades, drug discovery efforts have focused on identifying single selective drugs that target a single mechanism; that is, identifying ligands ('keys') that fit into specific targets ('locks') ( Fig. 1 ). This strategy has been largely motivated by the reductionist view of systems biology [2] , aided by the ever-increasing understanding of biological processes at the molecular level (e.g. molecular interactions of a chemical compound with a target protein). Thus, there has been augmented interest in identifying drugs that interact with specific targets. This pursuit, to identify suitable ligands for single targets, has been aided further by in vitro high-throughput screening (HTS) with a validated target. This approach has been coupled with advances in the design and synthesis of extensive combinatorial libraries [3] and has enabled scientists to screen vast regions of chemical space [4] for biologically active compounds in a relatively short amount of time. Despite the several successful applications of in vitro HTS [5] , the process can be inefficient because the resulting hits often lack efficacy in vivo. Drug design at the single molecular target level 'is blind' to other processes that are inevitably connected through complex networks with higher levels of the hierarchical nature of biological systems [2] . In addition to the technical advances of HTS, computational structure-based approaches have also evolved around the single-target approach. The overall goal of such methods is to help identify compound candidates for screening against a particular target in a faster and more economical manner. The constantly increasing availability of high resolution three-dimensional (3D) structures of therapeutically relevant targets has motivated the development and application of computer structure-based strategies [6] .
It is currently evident that the concept that one drug acts on a single receptor is not as effective as expected from the reductionism view of the lock and key model [2] . The growing evidence for polypharmacology (i.e. that clinical effects are often because of the interaction of single or multiple drugs with multiple targets [7] ) is encouraging the shift to experimental and computational multitarget approaches (Fig. 1) [8] . For example, the methodologies for understanding structure-activity relations (SAR) for single biological endpoints are being adapted to model structure-multipleactivity relations [9] . By analogy with the lock and key model, one of the current challenges would be to find the 'master keys' that operate a set of several locks to gain access to the desirable clinical effect. This is a general concept reminiscent of the 'molecular master keys' proposed by Müller, who extensively discussed the use of privileged structures, frequently employed in medicinal chemistry, to hit targets from a gene family [10] . Of course the 'master key' should not operate on any possible lock to avoid adverse effects (e.g. 'promiscuous keys'). In this context, the challenge starts with finding the set of multiple targets (multiple 
FIGURE 1
Schematic representation of the single target and multitarget drug discovery paradigms. Although one ligand (key) compound might fit and operate a single target (lock), diseases are associated with complex biological processes and, in several cases, with multiple targets, which are more difficult to 'unlock' . locks) that are associated with a desired clinical effect and that might not be from the same target family. As discussed by Merino et al., it is important to emphasize that there are different levels of polypharmacology (or promiscuity) that could lead to positive or negative effects [11] . Such levels will largely depend on the dose of the drug. It might be that, at therapeutic doses, a drug has a positive clinical effect owing to its interaction with multiple targets. However, depending on the dose, interactions of the drug with antitargets will lead to adverse effects [11] .
This review is divided into three main sections. Drug repurposing is discussed first as a primary application of polypharmacology to speed up the drug discovery process. This section covers not only the repurposing of drugs, but also the repositioning of chemical databases initially designed, by human or nature, for other purposes. A discussion then follows on chemogenomics, a growing field that aims to integrate systematically the chemical and target spaces. The third section, high-throughput in vivo testing of mixture-based libraries, presents a general strategy to identify new lead compounds that directly address the polypharmacology in drug discovery efforts.
Drug repurposing
A direct application of polypharmacology is drug repurposing (also called drug repositioning), which is an increasingly growing approach to speed up the drug discovery process by identifying a new clinical use for an existing approved drug [12, 13] . A closely related concept is drug rescue, in which a new indication is pursued for compounds that have failed to reach the clinic or failed in human clinical trials for lack of efficacy against the indication they were originally directed [13] . Groups from academia and other research environments working with cancerrelated, neglected, rare and other diseases, are actively looking at repositioning compounds that are already approved for other indications [14, 15] . Drug repurposing has occurred in many instances by serendipity [12] . However, there are ongoing efforts to conduct drug repurposing systematically. To this end, at least three general strategies have been envisioned, namely; chemical, biological and text data mining [16] . One of the several notable examples of drug repurposing is illustrated by the 'high throughput' in vivo pharmacology platform theraTRACE 1 [16] . Of note,
Oprea and Mestres recently emphasized that a successful drug repurposing campaign involves not only identifying new targets for old drugs, but also factors such as adverse effect tolerance and analysis of the intellectual property landscape [17] . Current progress in drug repurposing, including experimental and computational strategies conducted in several companies and research groups in academia, successful applications and legal aspects, for example, have been the subject of extensive reviews, and the special issue of one journal [12, 15, 16, 18] . The successful application of drug repurposing, which is primarily a retrospective approach, is encouraging the prospective search of potential alternative targets to compounds developed for a particular disease. Furthermore, approaches such as phenotypic screening aim to identify hit compounds considering broader areas of the 'target space' (e.g. signaling pathways, metabolic networks, or the entire expressed proteomes) to which small molecules are exposed [19, 20] . One of the major challenges of phenotypic screening is the identification of the target(s) of a hit molecule (i.e. target deconvolution) and the elucidation of the mode of action [21] [22] [23] . Nonetheless, phenotypic screening is valuable for identifying hit compounds for complex processes, such as epigenetic modulation [21] .
Repurposing of chemicals that differ from drugs
Experimental and/or computational target fishing approaches can be applied not only to approved drugs (e.g. for drug repurposing), but also to other types of compound libraries. This is facilitated by the availability of large compound collections in the public domain [24] , including databases of small molecules [25] , natural products [26] and virtual compounds synthetically available [27] . Research groups in industry or academia can look for potential targets for existing in house compound libraries, for example, combinatorial libraries or focused libraries initially designed for different targets (e.g. repurposing of focused libraries [28] ). In addition, there is increased interest in the scientific community to search systematically for potential targets of natural products [29, 30] . For example, it has been known for centuries that herbal remedies or compounds used in traditional Chinese medicine (TCM) are effective for the treatment of many diseases. The advent of large compound collections, such as the TCM database [31] , has opened up the possibility to search the targets of the active components using computational approaches [32] . Recent analysis of the molecular complexity, structural diversity and molecular properties of the TCM database reveals that this collection is a rich source of molecules to expand the traditional medicinally relevant chemical space [33] . Another relevant example is the increased interest in investigating the role of dietary components in regulating epigenetic events leading to the research area of nutritional epigenomics [34] .
Food materials designated as 'generally recognized as safe' (GRAS) [35] are attractive sources from which to identify molecules with health-promoting effects and that complement the chemical space of drugs [36, 37] . Flavoring substances in the GRAS list (i.e. those that comprise discrete chemical entities) are beginning to appeal as a source to uncover bioactive compounds with potential health-related benefits. In particular, there is currently much interest in exploring possible secondary benefits of flavor ingredients, such as those relating to health and wellness [38] . Using computational approaches to uncover potential applications of food chemicals has led to the research area of Foodinformatics [37] (perhaps a particular case of cheminformatics).
Chemogenomics: integrating chemical and target spaces
Ideally, polypharmacology can be fully explored if there was readily available information linking the relation between the entire chemical and target spaces. In the pursuit of this goal, chemogenomics has emerged as a research field that aims to identify all possible ligands for all possible targets [39, 40] . Chemogenomics and related concepts, reviewed here, are schematically illustrated in Fig. 2 .
Databases annotated with biological activity
Despite the fact that the full knowledge of the integration of chemical and target spaces is a goal far from being completed soon (if ever), the availability of experimental activity data of chemical compounds screened across different biological endpoints represents an important step in this direction. Although large databases are stored internally by pharmaceutical and biotech companies, there are several compound databases annotated with biological activity available in the public domain. PubChem, ChEMBL and Binding Database are examples of major databases recently reviewed [41] , and represent an important source for mining complex ligand-target relations and unveil potential new biological activities for molecules screened in a particular biological assay. Recent advances in the integration and mining of chemical databases annotated with biological activity are represented by the Open Pharmacological Concept Triple Store (Open PHACTS) project [42] and the PharmaTrek web explorer (http:// cgl.imim.es/pharmatrek) [43] . These types of major initiative aim to create and systematically explore an integrated pharmacological space, and represent an effort to facilitate open innovation in drug discovery research, including multitarget approaches [42, 43] .
Target fishing and ligand profiling
Despite the rich chemical databases available to date annotated with biological activity, current experimental data are not sufficient to fill in all possible relations between chemical and target spaces [40] . Given that a considerably large and perhaps prohibitive investment of time and resources would be required to generate experimental data to cover all possible chemical-target associations, computational approaches are actively being pursued to identify either new ligands for known targets (computational or virtual screening) or putative targets for known ligands (target fishing) (Fig. 2) . Computational approaches, such as docking, similarity searching and pharmacophore modeling, are a few examples of well-established virtual screening techniques that can be used to select compounds for further experimental investigation. Of course, despite several successful applications of virtual screening methods, these approaches are not free from pitfalls [44] , and the improvement of computational screening methods is actively being pursued [45] [46] [47] .
Target fishing leads to the generation of the global pharmacological profile or ligand profiling [40] . In addition, computational approaches are being developed to visualize and mine the SAR of chemogenomic data sets [48, 49] . Similar to virtual screening, the prediction of the polypharmacological profile of bioactive compounds can be performed based on the chemical structure of the bioactive compounds themselves (ligand-based methods) or on the structure of the targets (structure-based methods). Specific methodologies and successful applications of both approaches have been the subject of extensive reviews [39, 40, 50, 51] . More recently, computational and experimental approaches are emerging that investigate systematically potential additional targets of chemical probes used in chemical biology [52, 53] . 
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FIGURE 2
Schematic representation of the relations between the concepts reviewed in this article. The table represents the association between all possible molecules in chemical space (rows) (organized in different types of chemical library), and targets in the 'target space' (columns) (collected in different types of target). The red circles indicate that there exists a compound-target interaction, whereas the black circles denote that there is no interaction. Empty cells indicate that the intersecting compound-target interaction is not known. Abbreviation: HTS, high throughput screening.
High-throughput in vivo testing of mixture-based libraries
Owing to the frequently observed lack of efficacy of hits identified from in vitro HTS discussed above, it has been recognized that an ideal process would include early demonstration that individual compounds are active in vivo in disease-relevant models before further development. In fact, many drugs have been identified through the initial in vivo testing of either natural product mixtures or individual compounds. Interestingly, several approved drugs were developed based on favorable animal model data without a clear understanding of the mechanism of action of the drug at the molecular level [11] . In fact, as pointed out by Merino et al., 'despite the broad scientific knowledge around human drug targets, today's pharmacopoeia still includes many drugs that are being prescribed with unknown Mechanism of Action' [11] . Houghten et al. have largely emphasized that one approach to circumvent the high attrition rate in current drug discovery endeavors is to use in vivo models directly in the discovery phase to identify candidates with desirable biological profiles while simultaneously eliminating those compounds with poor absorption, distribution, metabolism and elimination (ADME) and/or pharmacokinetic properties [54, 55] . The idea of testing an entire library in vivo containing thousands to millions of individual compounds one at a time is simply not practical owing to the extreme economic and time requirements. To address this impracticality, in vivo testing of mixture-based libraries has emerged as a successful approach that is both rapid and efficient, because only those compounds displaying efficacy in disease models are selected for further pharmacological and chemical development (Fig. 3) . The screening of the highly dense mixture-based libraries [3, [56] [57] [58] explores uncovered regions of the traditional medicinally relevant chemical space [33] , increases the potential of identifying activity cliffs (chemical compounds with highly similar structures but significantly different biological activities) and provides a rapid understanding of the SAR associated with novel leads and targets. Different approaches for the use of mixture-based libraries, namely positional scanning libraries, have been developed over the past 20 years. The use of these systematically arranged mixtures enables one to utilize a set of samples containing exponentially more compounds than samples to identify a single active compound [54] . Additionally, these mixture libraries are formatted in such a way that one can identify potentially synergistic effects and then use an iterative deconvolution [59] to identify the compounds responsible. In fact, these systematically formatted mixture-based libraries are ideally suited to identify synergistic effects. Thus, the outcome of this process is the identification of lead compounds with in vivo activity early in the drug discovery effort, providing more advanced lead compounds than the traditional in vitro HTS process.
In addition to identifying lead compounds with mechanisms of action involving a single known target or multiple known targets, in vivo HTS also enables the discovery of lead molecules with novel mechanism of actions. This, in turn, opens up the possibility of identifying new biological targets and/or pathways for therapeutic The assay directly points to the hit compounds that might act through the interaction with multiple targets ('master key' compounds), which are readily identified after deconvolution.
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intervention. Therefore, in vivo HTS is led completely by the overall activity of the compounds in the animal model, with no preconceived bias for the method of action. Several examples of lead compounds identified using in vivo HTS have been reviewed elsewhere [54, 55, 60] .
Concluding remarks
The fact that several drugs exert their effect through the interaction with multiple targets is shifting the drug discovery paradigm from the one target-one drug model to a multiple-target approach.
In this context, instead of pursuing highly selective compounds for unique targets, that is, 'single keys for specific locks,' the goal is shifting towards identifying ideal 'master keys' that selectively operate a set of 'multiple locks' to gain access to a clinical benefit that is usually associated with a complex biological process. Of course, the 'master key' should not open any lock (antitargets) to avoid adverse effects. In this scenario, the challenge is to also identify the set of targets that are associated with a desired clinical effect. Experimental and computational chemogenomic approaches are actively being developed and applied to identify systematically potential additional targets of existing or virtual chemical compounds. Drug repurposing is a primary example of the beneficial application of polypharmacology. The basic idea of 'repositioning' for health benefits can be extended to other chemical libraries initially designed for other applications, such as focused libraries, GRAS chemicals or natural products. In vivo testing of mixture-based libraries represents an efficient approach to identify compounds with the desirable effect and rapidly identify chemical compounds that might act as selective or master keys to gain access to novel and effective therapeutic treatments. In vivo HTS technology also opens up the possibility to uncover compounds with novel mechanisms of action and identify therapeutically relevant synergistic combinations of compounds.
